The variations in quantity and quality of essential oils (EOs) from the aerial parts of cultivated Satureja hortensis were determined at different stages of harvesting. The EOs of air-dried samples were obtained by hydrodistillation and analyzed by gas chromatography/mass spectrometry (GC/MS). The antimicrobial activity of the EOs was investigated by broth microdilution methods. The amount of EOs (w/w, %) were 2.3, 2.5, 2.0, and 1.8% at floral budding, full flowering, immature fruit, and ripened fruit stages, respectively. γ-Terpinene was the major compound of the EO at all developmental stages, except the ripened fruit stage when it was replaced by carvacrol (46.4%). The EOs exhibited strong antibacterial activities against the tested bacteria. Moreover, the EOs either inhibited or killed the examined yeasts at concentrations ranging from 0.03-8.0 µL/mL. Considering the wide range of antimicrobial activities of the examined EOs, they might have potential to be used in the management of infective agents.
In the past two decades, the emergence of resistance to various antibiotics has accelerated dramatically.
Methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus (VRE) species, thirdgeneration cephalosporin-resistant (TGCsR) Escherichia coli, imipenem and quinolone-resistant Pseudomonas aeruginosa, antibacterial-resistant Salmonella and Shigella species, as well as azole-resistant Candida species are the top resistant pathogens responsible for food-borne and nosocomial infections [17, 18] . An alternative approach to overcome antibiotic resistance might be the use of natural products and phytochemicals in the medicine. Moreover, EOs, especially those with known antibacterial effects, have the potential to be used in the food industry as preservatives and to increase the shelf life of products. Therefore, determining the antimicrobial properties of EOs might help to overcome microorganism resistance to antibiotics and prevent food spoilage.
The chemical composition of aromatic plants depends largely on the individual genetic variability, different plant parts, and developmental stages [3, 19, 20] . The presence and concentration of certain chemical constituents of EOs also fluctuates according to the season, climatic condition, and the site of plant growth [3, 19] . To the best of our knowledge, only a few published reports are available regarding the antimicrobial effects of S. hortensis EO, especially against the above-mentioned resistant microorganisms. In the present study, for the first time, the EO content and chemical constituents of four different growth and developmental stages of S. hortensis were studied. In addition, the antimicrobial effects of these EOs were evaluated against standard strains and clinical isolates responsible for nosocomial and foodborn infections.
The yields from hydrodistillation of 50 g of the aerial parts of S. hortensis at the floral budding, full flowering, fruit set and fully ripened fruit stages, based on the dry weight are shown in Figure 1 . The oil content increased from floral budding to full flowering and then decreased moderately through the fruit set and full ripened fruit stages. The EO yields were statistically categorized by one-way ANOVA and post-Hoc Duncan analysis into the three groups a, b, and c, as shown in Figure 1 . The compositions of the EOs at the different growth stages are shown in Table 1 , along with retention indices of the identified components that are arranged in the order of their elution from a DB-5 column. GC/MS analyses showed that the main constituents of the EOs from the mentioned developmental stages were γterpinene (range 43.1%-59.8%) and carvacrol (range 30.7%-46.4%). The antibacterial activities of S. hortensis EOs against the tested bacteria are presented in Table 2 . The EOs inhibited the growth of all Gram-positive cocci at concentrations of 0.25-2 µL/mL. Furthermore, the EOs exhibited bactericidal activity (MBC) against all the above-mentioned Gram-positive cocci at concentrations ranging from 0.5 to 4 µL/mL. No significant differences in inhibitory concentrations were found between antibiotic-resistant and -susceptible strains at the different developmental stages. All the E. coli strains were susceptible to the EOs at concentrations of 0.5-4 µL/mL, whereas they inhibited the growth of the isolates of P. aeruginosa at concentrations of 8-64 µL/mL. In addition, the EOs had bactericidal activity at concentrations similar to the corresponded MICs. The antimicrobial activities of S. hortensis EOs against yeasts are shown in Table 3 . For the clinical and standard yeasts tested, the MICs were 0.03-2.0 µL/mL. Moreover, the EOs had activities against the tested yeasts at concentrations ranging from 0.25-8.0 µL/mL. No obvious differences in MICs and MBCs of the EOs against the examined yeasts were found between the different developmental stages.
The compositions of EOs might be affected by the developmental stage of the plant [20] . To the best of our knowledge, there are no published reports regarding the chemical composition of the EO of S. hortensis during various developmental stages. Although some authors reported thymol as the dominant component of the EO (26.3%), similar to previous studies, we identified carvacrol as one of the main constituents of the EOs from the floral budding, full flowering, and fruit set stages, which finally reached 46.4% and was considered as the main component of the EO at the full ripened fruit stage. The lower concentration of carvacrol in this study as compared with that of some previous reports [6, 10, 21] may reflect variations due to geographical location. We also found γ-terpinene as the major ingredient of the EO extracted from the aerial parts of S. hortensis at the floral budding, full flowering, and fruit set stages, but this became the second major ingredient at the full ripened fruit stage. During the various developmental stages of S. hortensis, the concentration of α-terpinene declined gradually from 4.1% to 1.4%. Conversely, p-cymene increased following maturation of the plant. p-Cymene and γ-terpinene are the known precursors of carvacrol [19] . A higher concentration of carvacrol in the final developmental stage in comparison with the previous ones might be explained by the conversion of these precursors to carvacrol during maturation of the plant. In this study, the EOs exhibited bacteriostatic and bactericidal activities against both TGCsR and TGCsS E. coli at concentrations ranging from 0.5 µl/mL to 2 µL/mL, which can be best compared with the previous investigations [10, 22] . The lower MICs and MBCs of the examined EOs in this study as compared with that of a previous report [7] may be due to either differences in the major constituent of the oil (carvacrol vs. thymol) or in the method used to assay the antimicrobial activity (microbroth dilution instead of agar disk diffusion method). One of the Gram-negative bacteria, P. aeruginosa, is a well known nosocomial pathogen which has a low susceptibility to many antibiotics. According to the findings of this study, the examined oils killed all the tested isolates of P. aeruginosa at concentrations ranging from 8-64 µL/mL.
S. aureus can cause a wide range of infections from simple dermatosis to life threatening sepsis or endocarditis. It is also considered as one of the main etiological agents of food-borne infections [18] . During the past decades, major concern has arisen about the fast development of meticillin-resistance in this species. Similar to a previous report [10, 21] , the growth of the standard and clinical isolates of MRSAs and MSSAs was inhibited by the EOs of S. hortensis at concentrations ranging from 0.25 µL/mL to 2 µL/mL. In another study, Dikbas et al. found a chemotype of S. hortensis oil rich in thymol that inhibited the growth of S. aureus at concentrations 100 µL/mL [7] . Our tested EOs had a considerable bactericidal activity and killed S. aureus at concentrations of less than 4 µL/mL. As this bacterial species is considered to be one of the causative agents of foodborn disease, the EO might be used as a preservative additive by the food industry. Vancomycin-resistant En. faecium is a problematic pathogen with few treatment options. All the tested EOs from the various developmental stages exhibited strong antimicrobial activity against both vancomycin-resistant and vancomycin-sensitive En. faecalis, with MICs that were much lower than those reported by Dikbas et al. [7] , who used a disk diffusion method. No obvious differences were found in the antimicrobial activities of the EOs from the different developmental stages. The MICs and MBCs of the EOs against the examined Gram-negative bacteria were almost the same, while the MBCs of Gram-positive bacteria were approximately two times higher than their corresponding MICs.
Antifungal activities of S. hortensis EO against Aspergillus flavus [21] [22] [23] , A. niger [22] , A. parasiticus [5] , Fusarium solani [21] , and Penicillium spp. [21] have been shown previously. Although Adiguzel et al. report no anti- Candida activity of the EO of S. hortensis [21] , the EOs from the four developmental stages of S. hortensis exhibited strong anti-Candida activity, with MIC values ranging from 0.03 to 2 µL/mL. This finding is similar to that in the study by Mihajilov-Krstev et al. [10] , who reported strong anti-Candida activity of S. hortensis EO with high carvacrol and γ-terpinene concentrations. No difference was observed between MICs and MFCs of the examined Candida spp.
Since the EOs exhibited similar antimicrobial effects against the tested antibiotic-resistant and -susceptible strains, it could be assumed that the mechanism of action of the EOs is different from that of the above mentioned antibacterial and antifungal drugs. One of the main characteristics of EOs is their hydrophobicity, which enables their incorporation into the cell membrane [19] . The tested EOs were rich in carvacrol, which increased during maturation of the plant. It has been shown that this phenolic monoterpene, which has a hydroxyl group on the phenolic ring, exhibits its antimicrobial activity through disruption of the cytoplasmic membrane, which leads to leakage of ions and ATP [19] . Moreover, p-cymene, which increased to its maximum amount in the final developmental stage, may cause an expansion of the cytoplasmic membrane and enhance the antimicrobial effects synergistically via facilitating the transport of carvacrol across the membrane [24] .
In view of the considerable antibacterial activities of the tested EOs, they might be candidates for development as antibiotics and disinfectants for the control of infective agents. As these tests have all been conducted in vitro, the next step may be further investigations in animal models to see if infection can be inhibited by these EOs. 
Experimental

EOs preparation:
At the above mentioned developmental stages, the aerial parts of S. hortensis (50 g, 4 replicates for each stage) were hydrodistillated for 2.5 h, using an allglass Clevenger-type apparatus, according to the method outlined by the British Pharmacopoeia [25] . The oils obtained were dried over anhydrous sodium sulfate and stored in sealed vials at 4°C before GC and GC/MS analysis and antimicrobial assessments.
EO analysis by gas chromatography/mass spectrometry (GC/MS):
The EOs were analyzed by GC/MS. The analysis was carried out on a Thermoquest-Finnigan Trace GC-MS instrument equipped with a DB-5 fused silica column (60 m×0.25 mm i.d., film thickness 0.25 mm). The oven temperature was programmed to increase from 60 to 250ºC at a rate of 4ºC min -1 and finally held for 10 min; transfer line temperature was 250ºC. Helium was used as the carrier gas at a flow rate of 1.1 mL/min -1 with a split ratio of 1/50. The quadrupole mass spectrometer was scanned from 35 -465 amu with an ionizing voltage of 70 eV and an ionization current of 150 mA.
GC/FID analysis of the oil was conducted using a Thermoquest-Finnigan instrument equipped with a DB-5 fused silica column (60 m x 0.25 mm i.d., film thickness 0.25 mm). Nitrogen was used as the carrier gas at a constant flow of 1.1 mL/min -1 ; the split ratio was the same as for GC/MS. The oven temperature was raised from 60 to 250ºC at a rate of 4ºC min -1 and held for 10 min. The injector and detector (FID) temperatures were kept at 250 and 280ºC, respectively. Semi quantitative data were obtained from FID area percentages without the use of correction factors.
Retention indices (RI) were calculated by using retention times of n-alkanes (C6-C24) that were injected after the oil at the same temperature and under the same conditions. The compounds were identified by comparison of their RI with those reported in the literature [26] and their mass spectra were compared with the Wiley Library.
Determination of antimicrobial activities
Microorganisms: The antifungal activities were determined of the EOs against 5 American Type Culture Collection (ATCC) strains of fungi including C. albicans (ATCC 10261), C. tropicalis (ATCC 750), C. krusei
